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ABSTRACT

First Solar, with the support from the PVMaT program,
has completed an effort centered on three areas of work.
The first area: “Manufacturing Line Improvements”
involved the design, construction and implementation of a
high-speed laser scribing system capable of matching the
throughput of a thin-film, solar cell manufacturing line of 20
MW/year.  Significant increases in the reliability of
equipment and decreases in the down time and capital costs
were realized. Additionally, an improved potting and
lamination system was developed. The second area of
effort: “Product Readiness” focused on product safety and
marketplace acceptance. The product was submitted and
obtained UL 1703 and IEC 61646 certification. The third
work area: “Environmental, Safety and Health Programs”
resulted in the development of safety, training and employee
health monitoring programs along with the development of
plans to obtain ISO 14000 (or equivalent) certification.

1.0 Manufacturing Line Improvements

Laser scribing of solar panels using thin-film solar cells
is used for cell interconnections [1]. The objective of this
project was to develop a system for scribing solar panels,
measuring 120 cm x 60 cm, with a throughput of one per
minute, at a reduced capital cost, improved reliability,
improved scribe control and requiring the use of a single
laser beam per each of three types of scribes.

The system developed is capable of achieving a 60-cm-
long scribe line, having a minimum theoretical spot size of
70 microns. Scribe-to-scribe location is easily controlled.
The scribing can reach speeds in excess of 3400 mm/sec,
through the use of pulsed lasers having a high rep-rate. A
key benefit of this system is the ability to use a correction
factor in the software, which allows cell mapping and
correcting the focus for uneven surfaces. In order to achieve
speeds above 2000 mm/sec, scribing through the glass side
of the solar panel, reported earlier [2], was pursued.

Green-light (532 nm) lasers are typically used for solar
cell scribing in order to match the wavelength to the optical
absorption of the material. In this project it was determined
to use near-infrared (IR) lasers after developing the
understanding that the CdTe absorption increases greatly
with temperature for near-infrared (IR) wavelengths.

Considering the structure of the solar panels, from the
sunny side, it consists of a soda-lime glass plate superstrate,
coated with layers of TCO/CdS/CdTe/metal, encapsulated
by a second plate of glass. The TCO signifies transparent
conductive oxide. In the scribing sequence used at First
Solar, each scribe removes a smaller amount of material
compared to its predecessor, thus the top-most layers can be
removed at low energies without damaging the inner layers.

Scribe-1 removes all the layers on the glass; scribe-2
removes the CdS and CdTe, without ablating the TCO.
Scribe-3 removes the metal layer, applied after scribe-2; the
metal is removed chiefly by the high-pressure CdTe vapor
formed at its interface by the beam reflected by the metal.
Improvements with the improved scribing system
include: (1) Reduced capital cost - the cost of high-speed
improved laser system is about 65% less than that of a
conventional system, with four nozzles; (2) reduced and
lower-cost maintenance, which reduces down-time by a
factor of ten; (3) greatly enhanced location accuracy of
subsequent scribes through the use of fiducials, coupled
with automated correction for panel growth/ shrinkage
caused by temperature variations as well as panel rotation;
(4) substantially reduced kerf widths and scribe spacing,
whereby the active area of the panel is increased; (5) IR
lasers deliver about twice the power of frequency-doubled
green lasers and have life expectancy of up to 10,000 hours,
14 times greater than green lasers, and lower cost; and (6)
increased production throughput by a factor of four.

Figure 1. Fully automated Laser Scribing System

A high through put lamination process was developed.
Industry consultants including [3] Automation and Robotic
Research Institute (ARRI) and [4]Product Search were
engaged in the development of a potting and lamination
process capable of producing 60 modules per hour. Module
performance data is obtained using an automated inline
simulator and wet hi-pot system.

Research was conducted using liquid polyester resin,
rubber EPDM, and Trueseal corporations hot melt butyl
compound, in addition to or as a replacement for the current
Ethyl Vinyl Acetate (EVA) encapsulant material. Research
was conducted on replacement materials for the current
tempered back cover glass and several potential materials
were identified for the next generation product. Tom
McMahon at NREL has assisted in this work through the
development of several metal oxide barrier films. This effort
will be continued in order to develop a lower cost, higher
moisture barrier back cover layer for the CdTe module.



2. Product Readiness

R&D activities that were conducted to facilitate the UL
and IEC certification include: (a) heat strengthening of glass
to avoid breakage; (b) elimination of failures in the cord
plate junction through the use RTV silicone potting material
(c) relocation of the hole in the cover glass from 10 cm to 25
cm off the edge of the glass, thereby lowering the tensile
stresses in the laminated module an average of 500 psi; and
(d) screening of alternative encapsulants to EVA to improve
electrical insulation during damp-heat testing.

In October 2002, nine standard production modules
were submitted for testing to the Photovoltaic Testing
Laboratory (PTL) at the Arizona State University, in
accordance with the IEC standards. First Solar modules
have completed the certification testing in accordance with
IEC 61646 and have obtained international certification.
Module power degradation was less than the 5% allowable
and all performance requirements were met.

At the start of Phase III First Solar PV modules
received “recognition” from the Underwriter Laboratories,
which allowed the modules to be used on listed mounting
systems.

During April 2001, and September 2002 modules were
resubmitted to the Arizona Testing Laboratory with a c-
channel and d-channel mounting system respectively. HF-10
and static load testing were successful and First Solar
received authorization to use the UL Listed mark on its FS-
50c and FS-50z and FS50d modules. These are complete
modules with mounting attachments secured to the back
side. The c, d, and z designations indicate the style of
mounting with the ¢ denoting aluminum c-channel rails, the
d denoting aluminum d-channel and the z denoting
aluminum z-bar rails.

A package was submitted to the California Energy
Commission to qualify for the CEC buy-down program,
which was approved in August 2001. First Solar was
officially listed as an approved supplier on 8 Aug. 2001.

3.0 Environmental, Health and Safety Programs

EH&S capabilities were significantly advanced through
implementation of detailed and comprehensive programs in
each area - Environmental, Health and Safety, and a detailed
plan was developed to obtain ISO 14000 certification. Over
thirty specific tasks were completed during this subcontract
period Among these tasks were: development and
implementation of a personal protective equipment program,
means of Egress plan, first aid/bloodborn pathogens
training, electrical lockout/tagout training, light/noise/
ventilation evaluations, generation of reports to municipal
and state agencies; equipment safety inspections;
environmental sampling of R&D and production equipment
and facilities for hazardous substances; installation and
monitoring of EHS equipment; and periodic evaluation of
employees for baseline cadmium. First Solar maintains a
safe and healthy work place as well as an environmentally
friendly manufacturing process and product. First Solar is
continuing on plan to obtain ISO 14000 (or equivalent)
certification.

4. Summary

First Solar has begun pilot manufacturing of high
quality low cost thin-film CdTe modules. Through the
assistance of this subcontract and NREL, First Solar has
developed improved laser scribing systems and lamination
equipment capable of producing greater than 60 modules/hr.
The current module production has passed all testing
requirements for UL 1703 and IEC 61646 and is certified by
the Photovoltaic Testing Laboratory at Arizona State
University and Underwriters laboratory. During the past
thee years First Solar, LLC has constructed a factory for the
production of PV modules. The most important goal has
been to create a safe and healthy work place as well as an
environmentally friendly manufacturing process and
product. EH&S capabilities have been significantly
advanced through implementation of detailed and
comprehensive programs in each area - Environmental,
Health and Safety.

ACKNOWLEDGEMENTS
First Solar would like to recognize the technical support
from the thin-film team at NREL, and the continued support
from Rick Mitchell through the course of this project. This
work is supported in part through the NREL PVMaT
Subcontract No. ZAX-8-17647-06.

REFERENCES
[1] Joseph J. Hanak, “Laser Processing Technique for
Fabricating Series-Connected Solar Cells into a Solar
Battery,” U.S. Patent 4,292,092, September 29, 1981.

[2] David Carlson et al., “Electrical Contacts for a Thin-
Film Semiconductor Device,” U.S. Patent 4,854,974,
August 8, 1989.

[3] Automation and Robotics Research Institute 7300 Jack
Newell Blvd. South, Fort Worth, Texas 76118-7115

[4] Product Search Scottsdale, Arizona



	Home
	Proceedings
	Table of Contents
	Introduction
	Message from the Chairpersons

	Plenary Session I
	Opening Remarks
	NREL Welcome
	An Energy Security, Systems Context for Solar Energy Technologies
	Welcome to the NCPV and Solar Program Review
	Solar Energy Technologies—Contributing to a Robust Energy Infrastructure

	Plenary Session II
	R&D Opportunities in Solid State Lighting
	Photovoltaic Technology Experience Curves and Markets
	The DOE Solar Program: Photovoltaics
	Solar Thermal Overview
	Concentrating Solar Power Award Presentation
	Paul Rappaport Award Presentation

	Luncheon Topic: An Introduction to Solid-State Lighting
	What the PV Specialists Might Like to Know about Solid-State Lighting
	Solid State Lighting for Human Development

	Module Reliability
	Long Term Photovoltaic Module Reliability
	Stabilization of High Efficiency CdTe Photovoltaic Modules in Controlled Indoor Light Soaking
	Surface Analysis of Stressed and Control Tin Oxide Thin Films on Soda Lime Glass
	Materials Testing for PV Module Encapsulation
	Development of a Super Fast-Cure and Flame-Retardant EVA-Based Encapsulant
	Long-Term Performance of the SERF PV Systems

	III-V Materials and Concentrators
	Defects in GaInNAs: What We've Learned So Far
	The Promise of III-V Nitrides: Useful Properties out of Anomalous Physics
	Recrystallized Germanium on Ceramic for III-V Solar Cells Applications
	Advances in High-Efficiency Multijunction Terrestrial Concentrator Cells and Receivers
	Progress Report on the Integration of the Emcore Triple-Junction Solar Cell into a High Concentration Ratio Fresnel Lens-Based Receiver
	Concentrating Photovoltaic Module Testing at NREL's Concentrating Solar Radiation Users Facility

	Crystalline Silicon
	Rapid Thermal Processing Enhanced Hydrogenation and Screen-Printed Contacts in Silicon Ribbon Solar Cells
	Investigation of Electrical Activity of Dislocation and Grain Boundary in Polycrystalline Float Zone Silicon
	Impact of Metal Impurities on Solar Cell Performance
	Scanning Photoluminescence in Si3N4 Antireflected Coating of mc-Si

	Discussion with Ray Sutula, Manager, U.S. DOE Solar Energy Technologies Program
	Discussion on the Systems-Driven Approach to Research Planning
	Question and Answer Session on the Systems-Driven Approach

	Long-Term R&D Needs
	Solar Electric Future: Linking Science, Engineering, Invention, and Manufacturing
	R&D on Shell Solar’s CZ Silicon Product Manufacturing
	Polymer Photovoltaics — Challenges and Opportunities
	The AC PV Building Block — Ultimate Plug-n-Play that Brings Photovoltaics Directly to the Customer

	Synergies between Solid-State Lighting and PV
	Synergies Connecting the Photovoltaics and Solid-State Lighting Industries
	Research and Manufacturing Synergies between LEDs and PV
	OLEDs for General Illumination? Research & Development Issues
	Solar-Powered LED Lighting Technology

	Cadmium Telluride
	Manufacturing and Technology Development Programs at First Solar
	Mostly Nonuniformity Issues in Thin-Film PV
	Role of Process Chemistry and Stability on CdTe-Based Solar Cell Performance
	Spatially Resolved Cathodoluminescence of CdTe Thin Films and Solar Cells
	ZnTe:Cu Contact Optimization Strategies for Single-Junction and Multijunction CdS/CdTe PV Device Designs
	CdTe PV: Real and Perceived EHS Risks

	Systems Analysis and Reliability
	Advanced Dish Development System Test and Reliability Improvement
	A System-Driven Approach to Parabolic Trough R&D
	CSP Tower System Analysis and Program Planning
	Lifecycle Cost Assessment of Fielded Photovoltaic Systems
	Certification Programs for the Photovoltaic Industry Status and Plans
	Solar Building Systems Analysis

	Excitonics and Exotica: Advanced PV Concepts
	Advanced Concepts for Photovoltaic Cells
	Organic-Based ("Excitonic") Solar Cells
	Organic Photovoltaics Based on Self-Assembled Mesophases
	Influence of Device Architecture and Interface Morphology on the Power Conversion Efficiency of Small Molecular Photovoltaic Cells
	Polymer Based Nanostructured Donor-Acceptor Heterojunction Photovoltaic Devices
	Solar Energy Conversion with Ordered, Molecular, Light Harvesting Arrays

	Luncheon Topic: the Solar Decathlon
	Solar Decathlon, Energy We Can Live With

	Copper Indium Diselenide and Alloys
	High Yield CIS Production — Progress and Perspectives
	Mesoscopic Fluctuations in the Distribution of Electronic Defects Near the Surface Layer of Cu(In,Ga)Se2
	Microstructure of Surface Layers in Cu(In,Ga)Se2 Thin Films
	Advances in CuInSe2-Based Solar Cells: From Fundamentals to Processing
	New Methods for the Study of Defect Distributions in the Copper Indium Diselenide Alloys

	Concentrating Solar Power Technology
	SOLTRACE—a New Optical Modeling Tool for Solar Optics
	Improved Alignment Technique for Dish Concentrators
	Performance and Durability of Solar Reflectors and Solar Selective Coatings
	Trough Technology: The Path to Market Competitiveness at the NSTTF
	Parabolic Trough Testing and Component Evaluation
	Testing Thermocline Filler Materials for Parabolic Trough Thermal Energy Storage Systems

	PV Systems Engineering and Reliability
	Photovoltaics as a Distributed Energy Resource
	PV Inverter Testing, Modeling, and New Initiatives
	Sustainable Hybrid System Deployment with the Navajo Tribal Utility Authority
	Photovoltaic System Performance Characterization Methodologies
	Performance Index Software for the CEC/SMUD ReGen Program
	PV Inverter Products Manufacturing and Design Improvements for Cost Reduction and Performance Enhancements

	Amorphous and Thin-Film Silicon
	Status of Amorphous and Crystalline Thin-Film Silicon Solar Cell Activities
	Status of Hydrogenated Microcrystalline Silicon Solar Cells at United Solar
	Thin Silicon-on-Ceramic Solar Cells
	Amorphous and Microcrystalline Silicon Solar Cells--A Status Review
	Discussion: Amorphous and Thin-Film Silicon

	Solar Thermal, Solar Lighting, and Building-Integrated PV
	Testing and Evaluating a Solar Water Heating Product for the New Home Market
	Polymer Solar Thermal Systems
	Polymer Materials Durability
	ORNL's Hybrid Solar Lighting Program: Bringing Sunlight Inside
	Integrated Energy Roofs
	Plug and Play Components for Building Integrated PV Systems

	Manufacturing Research and Development
	PowerGuard Lean Manufacturing—Phase I Accomplishments
	PVMaT Improvements in BP Solar Large-Scale PV Module Manufacturing Using Ultra-Thin Multicrystalline Silicon Solar Cells
	Specific PVMaT R&D in CdTe Product Manufacturing
	APex™ Solar Cell Manufacturing
	EFG Ribbon Technology R&D for Large Scale Photovoltaic Manufacturing
	Process Control Advancements for Flexible CIGS PV Module Manufacturing

	Plenary Session III: Market Pull/Technology Push -- Where to Invest?
	Introduction
	Arizona Environmental Portfolio Standard
	Photovoltaics Market Pull
	Concentrating Solar Power Systems
	PVEnergy Systems, Inc., PV Forecast
	California Solar Energy Industries Association Presentation
	Strategies for Mainstreaming Grid-Connected PV This Decade
	Market Pull/Technology Push--Where to Invest?

	Poster Session: Advanced PV Concepts
	Polymer Hybrid Photovoltaics for Inexpensive Electricity Generation
	Does Network Geometry Influence the Electron Transport Dynamics in Mesoporous Nanoparticle Solar Cells?
	The Effects of Processing Conditions on Polymer Photovoltaic Device Performance
	Growth and Properties of Microcrystalline Ge-C Films and Devices
	Anchoring Group and Linker Effects on TiO2 Binding and Photoelectrochemical Properties of Solar Cell Dyes
	Broad Band Rugate Filters for High Performance Solar Electric Concentrators
	Optical Rectenna for the Direct Conversion of Sunlight to Electricity

	Poster Session: III-V Materials and Concentrators
	Advances in III-V Compounds and Solar Cells Grown on SiGe Substrates
	Selective Nucleation and Growth of GaAs on Si
	Stress Evolution in GaAsN Films Grown by Reactive Molecular Beam Epitaxy
	III-Nitride Semiconductors for Photovoltaic Applications
	Defect Trapping in InGaAsN Measured by Deep-Level Transient Spectroscopy
	GaNPAs Solar Cells that Can Be Lattice-Matched to Silicon
	Wafer Bonding and Layer Transfer Processes for High Efficiency Solar Cells
	Criteria for the Design of GaInP/GaAs/Ge Triple-Junction Cells to Optimize Their Performance Outdoors
	Projection of Best Achievable Efficiency from GaInP/GaAs/Ge Cell under Concentration
	Optical Design Studies for the Flat-Plate Micro-Concentrator Module
	Innovative Approach for the Design and Optimization for Multijunction Photovoltaic Devices
	Determination of Spatial Uniformity by Ion Imaging with Secondary Ion Mass Spectrometry (SIMS)

	Poster Session: Crystalline and Polycrystalline Silicon
	Hydrogenation of Bulk Si from SiNx:H Films: What Really Ends Up in the Si?
	Hot-Wire Chemical Vapor Deposition for Epitaxial Silicon Growth on Large-Grained Polycrystalline Silicon Templates
	Hot-Wire Chemical Vapor Deposition of High Hydrogen Content Silicon Nitride for Silicon Solar Cell Passivation and Anti-Reflection Coating Applications
	Material Improvements and Device Processing on APIVT-Grown Poly-Si Thin Layers
	Silicon Materials Research on Growth Processes, Impurities, and Defects
	Residual Stress Characterization for Solar Cells by Infrared Polariscopy
	Metallic Precipitate Contribution to Generation and Recombination Currents in p-n Junction Devices via the Schottky Effect

	Poster Session: Amorphous and Thin-Film Silicon
	The FTIR Laboratory in Support of the PV Program
	Real Time Optics of the Growth of Silicon Thin Films in Photovoltaics: Analysis of the Amorphous-to-Microcrystalline Phase Transition
	Micro-Raman Measurements of Mixed-Phase Hydrogenated Silicon Solar Cells
	In Situ Studies of the Growth of Amorphous and Microcrystalline Silicon Using Real-Time Spectroscopic Ellipsometry
	Microstructure Studies of Amorphous and Microcrystalline Silicon-Based Solar Cell Materials
	Correlation of Structural and Electronic Properties with Solar Cell Efficiency for Amorphous Silicon Deposited at Increasing Growth Rates
	Optimization of Phase-Engineered a-Si:H-Based Multijunction Solar Cells
	Hydrogenated Microcrystalline Silicon Solar Cells Using Microwave Glow Discharge
	Transport, Interfaces, and Modeling in Amorphous Silicon Based Solar Cells
	A Paired Hydrogen Site and the Staebler-Wronski Effect in Hydrogenated Amorphous Silicon
	Nano-Crystalline Silicon: A New Solar Material
	Particles and Radicals in Amorphous Silicon Deposition
	Optimization of Filament and Substrate Temperatures for High-Quality Narrow Gap a-Si1-xGex:H Alloys Grown by Hot-Wire CVD
	Growth of High Quality a-Ge:H Solar Cells
	Growth and Characterization of HWCVD Si Films on Al Coated Glass
	Thin Film Silicon Materials and Solar Cells Grown by Pulsed PECVD Technique
	PECVD µc-Si:H Solar Cells Prepared in a Batch-Type Single Chamber Reactor
	Development of Optically Enhanced Back Reflectors for Amorphous Silicon-Based Photovoltaic Technologies
	Project Summary of the NREL Amorphous Silicon Team
	High-Efficiency Single-Junction a-SiGe Solar Cells

	Poster Session: Polycrystalline Thin Films (CIS)
	Practical Doping Principles
	A Superior Monocrystalline CuInSe2 Cell
	Transmission Electron Microscopy Analysis of Cu(In,Ga)Se2 Solar Cell Materials
	Cu(In,Ga)Se2 Materials, Devices, and Analysis for High Performance Devices
	Facilities Development for Ionized Physical Vapor Deposition of Cu(In,Ga)Se2
	Alternate Window Layer Processing for CIGS on Flexible Substrates
	Development of Plasma-Assisted Processing for Selenization and Sulfurization of Absorber Layers
	Development of Large Area CIGSS Thin Film Solar Cells
	Non-Vacuum Processing of CIGS Solar Cells
	Investigation of Pulsed Non-Melt Laser Annealing (NLA) of CIGS-Based Solar Cells
	DLTS Characterization of CIGS Cells
	Direct Measurement of Built-in Electrical Potential in Photovoltaic Devices by Scanning Kelvin Probe Microscopy
	Modeling and Simulation of a CGS/CIGS Tandem Solar Cell
	Back Contact Cracking During Fabrication of CIGS Solar Cells on Polyimide Substrates
	Advanced CIGS Photovoltaic Technology
	An Overview of the CdTe – CIGS Thin Film Solar Cell Program at the University of South Florida

	Poster Session: Polycrystalline Thin Films (CdTe)
	Atomic Structure of Twin Boundaries in CdTe
	Development and Application of Electroluminescence Imaging for CdS/CdTe Characterization
	Progress on High Bandgap CdSe and CdZnTe Devices
	CdTe Back Contact: Response to Copper Addition and Out-Diffusion
	Progress in Continuous, In-Line Processing of Stable CdS/CdTe Devices
	Temperature Dependence of Growth Rate and Morphology of Vapor Transport Deposited CdTe Thin Films

	Poster Session: Polycrystalline Thin Films (TCOs and Others)
	Barrier Coatings for Thin Film Solar Cells
	Advantageous Features of Transparent Conducting Oxide Films by Ultrasonic Pyrosol Deposition
	Highly Conductive Textured Molybdenum Doped Indium Oxide Thin Films
	Ink Jet Printing Approaches to Solar Cell Contacts
	Towards High Performance p-Type Transparent Conducting Oxides

	Poster Session: International Programs
	Technical Support for the Chihuahua Telesecundaria Rural Schools PV Electrification Program
	International Renewable Energy Programs at Sandia National Laboratories

	Poster Session: Standards, Systems Analysis, and Reliability
	NREL Spectral Standards Development and Broadband Radiometric Calibrations
	Photovoltaic Systems Performance and Reliability Database
	Status of IEEE P1526 — Recommended Practice for Testing the Performance of Stand-Alone Photovoltaic Systems

	Poster Session: Module Reliability
	Photovoltaic Module Thermal/Wind Performance: Long-Term Monitoring and Model Development for Energy Rating
	PV Compliance Assistant: An Interactive CD ROM
	Adhesion Strength Study of EVA Encapsulants on Glass Substrates
	Electrochemical Corrosion in Thin Film PV Modules
	Accelerated Stress Testing of Thin-Film Modules with SnO2:F Transparent Conductors
	Nondestructive Performance Characterization Techniques for Module Reliability
	Investigation of Degradation Aspects of Field Deployed Photovoltaic Modules
	Testing and Evaluating a Solar Water Heating Product for The New Home Market
	Corrosion in Copper ICS Collectors at Civano Subdivision, Tucson, Arizona

	Poster Session: Manufacturing R&D
	PV Manufacturing R&D Accomplishments and Status
	Three-Stage CIGS Process Tolerance
	Innovative Approaches to Low Cost Module Manufacturing of String Ribbon Si PV Modules
	Recent Manufacturing Technology Developments at EPV
	Development of Online Diagnostic Systems for Roll-to-Roll a-Si Production: ECD's PV Manufacturing R&D Program
	Development of Automated Production Line Processes for Solar Brightfield Modules
	Measuring and Monitoring Electronic Properties of Si During Industrial Material Preparation and Cell Fabrication


	Attendee List
	How to Use This CD
	How to Search This CD
	Notice



